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ABSTRACT 
 
A microbial fuel cell (MFC) creates an environment that facilitates the conversion of 
electron donor compounds into electrical current through the oxidizing powers of 
microbial growth.  Within the anode of a MFC bacteria oxidize organic compounds while 
in the cathode oxygen is reduced.    The goal of a MFC is to achieve respiration under 
anaerobic conditions having electrodes serve as intermediate electron acceptor for 
bacteria in the anode and shuttle electrons through a circuit to the cathode reducing a 
terminal electron acceptor.   
 
Waste from the biological production of hydrogen from agricultural feedstock was 
explored for use within the anode of a MFC.  Bacteria for use within the anode chamber 
were cultured from anaerobic sludge.  Photosynthetic aeration by wild-type algae 
cultured in the cathode was compared to active mechanical aeration.   
 
Peak power density achieved by mechanically aerated trials, 78.3mW/m
3
 (0.482 volts, 
989 ohms), did not differ significantly from the value of 108.0 W/m
3 
(0.129 volts, 220 
ohms) achieved for photosynthetically-aerated trials (α = 0.05). Soluble COD was 
decreased in all trials and soluble COD removal was above 80% in 19 of 24 trials (8 
mechanically aerated and 11 photosynthetically aerated).  Coulombic efficiency was 
2.1% (at 747.3 mg/L initial soluble COD with 80% soluble COD removal) for 
mechanically-aerated trials and 2.2% (at 925.8 mg /L initial soluble COD with 90% 
iii 
removal of COD) for photosynthetically-aerated, a difference that was significant at α = 
0.10 level.   
At an initial soluble COD of 218.9 mg/L a photosynthetically aerated cathode MFC 
obtained 123 mW/m
3
 (0.234 volts at 150 ohms, 14% CE, and 88% soluble COD 
removal).    
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CHAPTER I 
 
INTRODUCTION 
 
As of 2006 the United States produced 71 quadrillion Btu (Quads) of energy: 79% from 
the combustion of fossil fuels, 12 % from nuclear power and 9% from renewable sources 
(DOE, 2006). To supplement additional consumption of energy, nearly 30 Quads were 
was imported as petroleum (DOE, 2006).  With crude oil trading at $146 per barrel as of 
July 2008 there is a growing demand in the US to find and utilize renewable energy 
sources.  Environmental concerns arising from obtaining and combusting fossil fuels are 
also of great concern.   Global climate change is brought about by the rise in greenhouse 
gases (GHG) entering the atmosphere from the combustion of fossil fuels.  
Implementation of green carbon-neutral energy sources such as wind, solar, biofuels and 
microbial fuel cells (MFC) have been proposed as solution to the stated problems.   
 
Consumption of energy from renewable sources, 7% of total US consumption, is 
dominated by energy from hydroelectric power followed by wood, biofuels and then 
waste see (see Figure 1.1) (DOE, 2006).  Use of agricultural or municipal waste streams 
for the fermentation of biogases and electrical current production by MFCs provide two 
means of supplementing growing energy demands while minimizing additions of GHG. 
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Renewable Energy Share of Total Energy Consumption, 2006
Solar/PV
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5%
Waste
6%
Biofuels
11% Wood
31%
Hydroelectric
42%
 
Total US Energy Consumption, 2006
Nuclear Electric Power, 
8%
Renewable Energy, 7%
Petroluem, 40%
Natural Gas, 22%
Coal, 23%
 
Figure 1.1 Renewable Energy as Share of Total Energy, 2006. 
Adapted from http://www.eia.doe.gov/emeu/aer/pdf/pages/sec10_2.pdf 
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The fermentation of carbon rich waste streams for the production of hydrogen also 
produces organic byproducts such as acetic acid, propionic acid and ethanol (Schroder et 
al. 1995).  These organic compounds contain usable energy for conversion through 
biological means.  A MFC provides a means for converting the energy present in a waste 
stream to electricity while also treating the waste stream for disposal. 
 
To harvest energy MFCs utilize microbial growth in a design similar to hydrogen fuel 
cells.  The goal of a MFC is to achieve respiration under anaerobic conditions having 
electrodes serve as electron acceptor for bacteria in the anode and shuttle electrons 
through a circuit to the cathode reducing a terminal electron acceptor.  Typically a MFC 
consists of an anode chamber, a cathode chamber; an exchange membrane and an 
external circuit connecting the anode to the cathode (Figure 3.1).  The anode chamber 
contains facultative bacteria and substrate in solution but no oxygen or other inorganic 
electron acceptors.  The cathode chamber contains the electron acceptor for oxidation and 
can be air or aqueous.  The exchange membrane allows the transfer of protons from the 
anode to cathode while limiting oxygen transfer from cathode to anode.  The external 
circuit along with electrodes provide means for capturing electrons donated by bacteria 
for energy purposes.  Figure 1.2 provides a diagram of a basic bacterial MFC. 
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Figure 1.2 Typical two-chamber MFC arrangement. (Drapcho et al. 2008) 
 
Goals of this study 
 
The majority of the research previously conducted has focused on small volume 
operations, 10 to 250 mL, with the use of external mediators, platinum catalyst 
electrodes, defined media constituents and active aeration or oxygen substitutes.  For this 
study a 3 liter anode MFC with a cation exchange membrane (CEM) utilizing wild type 
facultative bacteria, fermentation waste as media and algae as a biological oxygen 
producer in the cathode was explored.   
 
The main objectives of the study are: 
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1. To design and fabricate a MFC (6 L total) utilizing low-cost materials such as 
acrylic, granulated carbon and CEM. 
2. Explore the use and treatment of fermentation waste from the production of 
hydrogen from peaches by Thermotoga neapolitana as media for a MFC. 
3. Determine the effectiveness of algae as a biological producer of oxygen in the 
cathode as compared to mechanical aeration.    
 
A summary of chapters II through IV follows: 
 
Chapter II 
 
This chapter will consist of a current review of published research related to the theory of 
operating a MFC, a synopsis of the ways MFC performance is quantified, the areas of 
application for a MFC, the different design configurations, and recorded performances in 
previous research.  A review of literature relating to algae and its ability to produce high 
value products from pharmaceuticals and dietary supplements to hydrogen gas will also 
be included. 
 
Chapter III 
 
Conversion of organic compounds to electricity by bacteria is facilitated by the use of an 
MFC.  In this study fermentation waste, mainly consisting of acetate, from the biological 
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production of hydrogen was utilized for treatment and electrical energy production in a 
MFC.  Algae as a photosynthetic oxygen producer was examined as a replacement for 
mechanical aeration in an aqueous cathode.    Naturally-occurring bacteria present in 
algal digesters were capable of producing electrical current from fermentation waste 
within a MFC. 
  
Chapter IV 
 
A summary of the conclusions from the study is presented in this chapter and suggestions 
for future research.  
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CHAPTER II 
 
LITERATURE REVIEW 
 
Increasingly in the United States there is a growing demand to find and utilize clean 
renewable energy sources.  Demand is driven by limited availability and rising prices of 
petroleum along with a desire for independence from foreign energy sources.  
Environmental concerns from obtaining and combusting fossil fuels are also of great 
concern.   Global climate change occurs from the rise in green house gases (GHG) from 
the combustion of fossil fuels.  Implementation of green carbon neutral energy sources 
such as hydrogen, wind, solar, biofuels and microbial fuel cells have become a popular 
topic as a solution to the stated problems.   
 
MFC OPERATION THEORY 
 
Microbial fuel cells (MFC) provide an opportunity to harvest energy by utilizing 
microbial growth and are similar in design to hydrogen fuel cells.  The goal of a MFC is 
to achieve respiration under anaerobic conditions having electrodes serve as electron 
acceptor for bacteria in the anode and shuttle electrons through a circuit to the cathode 
reducing a terminal electron acceptor.  Typically a MFC consists of an anode chamber, a 
cathode chamber; an exchange membrane and an external circuit connecting the anode to 
the cathode (Figure 2.1).  The anode chamber contains facultative bacteria and substrate 
in solution but no oxygen or other inorganic electron acceptors.  The cathode chamber 
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contains the electron acceptor for oxidation and can be air or aqueous.  The exchange 
membrane allows the transfer of protons from the anode to cathode while preventing 
oxygen transfer from cathode to anode.  The external circuit along with electrodes 
provides means for capturing electrons donated by bacteria for energy purposes. 
  
Under typical aerobic respiration conditions organic compound such as glucose are 
oxidized through Embden-Meyerhoff Pathway and the tricarboxylic acid (TCA) cycle 
resulting in the following half-reaction: 
C6H12O6  + 6 H2O  6 CO2 + 24 H
+
 + 24e
-
 + 4 ATP (1) 
  
For glucose, since 24 moles of electrons are removed per mol of glucose oxidized, the 
theoretical yield is 2.3x10
6
 Coulombs per mole of glucose (Drapcho et al. 2008).  During 
aerobic oxidation the majority of ATP is generated as oxygen is reduced through the 
electron transport system (Madigan et. al 1997):  
 
24H
+
 + 24 e
- 
+ 6 O2  → 12 H2 O + 34 ATP   (2) 
 
By combining the two equations, and not considering cell growth, the overall aerobic 
oxidation of an organic compound such as glucose simplifies to (Madigan et. al 1997): 
 
C6 H12O6  + 6 O2   6 CO2 + 6 H20 + 38 ATP  (3) 
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It has been proposed that ATP synthesis for microbial growth in an MFC may be as low 
as 4 mol ATP/mol of glucose, assuming that the MFC and bacteria are 100% efficient at 
transferring electrons to the electrode and that no inorganic electron acceptors are present 
(Drapcho et al. 2008).  A theoretically perfect MFC would free 24 electrons per mole of 
glucose as in equation 1, with cells growing close to anaerobic respiration conditions.    
Metabolic pathways of bacterial growth in a MFC are most likely to lie somewhere 
between those found under aerobic and anaerobic conditions, equations 1 and 2 
respectively (Thurston et al. 1985).   
 
Bacteria and substrate are physically separated from the terminal electron acceptor in a 
MFC.  Inducing high anode potentials allow microorganisms to utilize the repiratory 
chain, in the absence of oxygen, by donating electrons to the anode while protons freed in 
the oxidation process pass through the exchange membrane to the cathode (Rabaey et al.  
2005). Protons produced by the oxidation of glucose (equation 1) pass through the 
exchange membrane to the cathode chamber where they can combine with oxygen and 
electrons to form water (equation 2).  For a MFC to operate the electron transport system 
of the microorganism must be intercepted such that the proton motive force that drives 
ATP synthesis is not allowed to develop and ATP generation is reduced.  Metabolic 
pathways of bacterial growth in a MFC are most likely to lie somewhere between those 
found under aerobic and anaerobic conditions (Thurston et al. 1985).   
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Figure 2.2 Typical two-chamber MFC arrangement. (Drapcho et al. 2005) 
 
Quantification of MFC performance 
 
During operation of a MFC the substrate oxidized and the voltage produced are 
measured.  From those two values the power density and coulombic efficiency can be 
calculated.   Power density can be calculated based on the surface area of the anode 
electrode (W/m
2
) or the volume of the anode chamber or anode electrode volume (W/m
3
).  
During the operation voltage (E) is recorded across an established optimum resistance (R) 
and using Ohm’s Law current (I), power (P) and power density (Pρ) are calculated: 
)6(
)5(
)4(
chamberanodeofvolume
EI
P
EIP
R
E
I
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Coulombic efficiency (CE) requires the calculation of the actual Coulombs of charge 
produced (CP) and the theoretical maximum of Coulombs that could be produced by 
completely oxidizing the substrate (Cmax).  Calculation of CP for a batch reaction requires 
integrating the curve of the current produced by the MFC over time.  Means for 
quantifying Cmax differ slightly depending on the substrate composition.  For a fixed pure 
substrate Cmax can be calculated (Liu and Logan 2004): 
i
ii
MW
VSFb
maxC    (7)   
where F is Faraday’s constant (96,485 C/mol of electrons), bi is the moles of electrons 
produced per mole of substrate, Si is the substrates initial concentration (g/L), V sis the 
volume of media (L) and MWi is the molecular weight of the substrate (Liu and Logan 
2004).  When presented with an undefined media such as agriculture, industrial or 
domestic wastewater Cmax can be calculated on a chemical oxygen demand (COD) basis 
(Drapcho 2008): 
VFfSCODmaxC    (8)       
where f is a conversion factor from COD units to electrons (1 mol electrons/8 g COD) 
and SCOD is the substrate concentration (g COD/L) (Drapcho et al. 2008).  Coulombic 
efficiency (CE) can then be calculated 
100
maxC
C
CE P    (9) 
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Internal Resistances of a MFC 
 
Each MFC design has a characteristic internal resistance which determines the optimum 
resistance load to be applied to the MFC.  Power and polarization curves can be 
constructed to determine the internal resistance of a MFC.  Power and polarization curves 
can be plotted by varying the applied resistance and recording the resulting voltage.  
Power curves are constructed by plotting power versus current for each resistance.  
Polarization curves are constructed by plotting voltage versus current for each resistance.  
If the resulting curve for the polarization curve is linear, it indicates a MFC with high 
internal resistance (Logan et al. 2006). With MFCs dominated by high internal 
resistances the slope of the linear regression of the polarization plot is equal to the 
internal resistance of the fuel cell.  Figure 2.2 shows an example power density graph 
with an optimum at approximately 6.0x10
-5
 amps and 6.0x10
-9
mW.  Figure 2.3 shows an 
example of a polarization curve giving an internal resistance of 1,153 Ω. 
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Figure 2.3 Example power density curve 
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Figure 2.4 Example polarization curve 
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Previous MFC Research 
 
A major focus of recent research has been the utilization of waste streams including 
domestic or agricultural wastes.  Domestic waste water as substrate within an single 
chamber air cathode MFC is capable of producing a peak power density of 146 mW/m2 
at 1000 Ω (Liu and Logan 2004) and 464 mW/m2 at 1000 Ω (Chen et al. 2006) both 
under batch operation. Swine wastewater, a common agricultural waste, was examined in 
both a two-chambered and single-chamber MFC with a maximum power generation of 45 
mW/m
2
 at 1000 Ω and a maximum of 261 mW/m2 at 200 Ω, respectively (Min et al. 
2005). 
 
Use of spent fermentation media as the organic carbon source in a MFC has also been 
investigated.  For example, hydrogen gas may be produced from the fermentation of 
organic carbon by certain bacteria and archae (Schroder et al. 1994).  A variety of carbon 
sources, including sugars contained in cull peaches, may be utilized by the bacterium 
Thermotoga neapolitana to produce hydrogen (Yu 2007, Jain 2008).  However, only 33% 
of the energy contained in the organic substrate is converted to hydrogen (Thauer 1976), 
with the remaining energy converted to organic byproducts such as acetic acid, propionic 
acid and ethanol.  Schroder et al. (1994) showed that Thermotoga maritima ferments 1 
mole of glucose to 2 moles of CO2, 4 moles of H2 and 2 moles of acetic acid.  Several 
strategies to increase energy recovery in biohydrogen production have been identified 
(Liu et. al. 2005) as: 
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1. Linking hydrogen production with methane production within a two stage 
process. 
2. Using phototrophic bacteria to further ferment organic carbohydrates to 
hydrogen. 
3. Converting fermentative byproducts to electrical power in a MFC. 
 
A MFC provides means for converting the energy present in a waste stream to electricity 
while also treating the waste for disposal.  A MFC utilizing acetate at 800mg/L produced 
a power output of 506 mW/m
2
 and those employing butyrate at 1000mg/L produced a 
power output of 305 mW/m
2
 (Liu et al. 2005).   
 
Table 2.1 outlines a summary of some of the MFC research conducted, starting with early 
work investigating pure culture with pure substrate to those exploring mixed cultures 
with mixed substrate and design variations. 
 
 
     
 
Table 2.1 Summary of previous MFC Research   
  Anode Cathode  
Aqueous 
    
Batch or 
 Power 
Density 
Source Organism (or 
origin) 
Electrode 
donor 
Electron 
Acceptor 
or Air Anode Cathode Membrane Continuous    
 
Roller 
 
1983 
Escherichia coli Lactose Ferri-
cyanide 
Aqueous Vitreous 
Carbon 
Pt-Foil CEM Batch  18 W/m
3
 
Delaney 
 
1984 
A. eutrophus, B. 
subtilis, E. coli, P. 
vulgaris 
Glucose, 
succinate 
Ferri-
cyandie 
Aqueous Vitreous 
Carbon 
Pt-Foil CEM Batch  4.48 mW/m
2
 
Thurston 
  
1985 
Proteus vulgaris Glucose Ferri-
cyanide 
Aqueous Vitreous 
Carbon 
Pt-Foil CEM  Batch  11  mW/m
2 
45  W/m
3
 
Benneto 
1985 
Synechococcus 
sp. Illumination 
Ferri-
cyanide 
Aqueous Carbon 
Cloth 
Carbon Cloth Ion-exchange Batch  18 mW/m
2 
35 W/m
3
 
Yagashita Synechococcus 
sp. 
Photosynthetic  Aqueous Carbon 
Cloth 
Carbon Cloth Ion-exchange Batch   
17.5 mW/m
3 
1997       Ferri-
cyanide 
Double 
Chamber 
    Asahi Glass 
Model 
Selemion 
CMV 
      
Tsujimura Synechococcus 
sp. 
BG-11 bilirubin 
oxidase 
Aqueous Carbon Felt Carbon Felt KCl-saturate 
salt bridge 
Batch   
0.4  mW/m
3
 
2001 PCC7942 Photosynthetic  (BOD) Double 
Chamber 
2.25 cm
2
 2.25 cm
2
         
22.5 W/m
2
 
Lam Blue-green aglae Photosynthetic, 
Alga-Gro 
ferri-
cyanide 
Aqueous Cr/Au Cr/Au Nafion 117    
4.05 μW/m
2
 
2003 Anabaena Respiration, 
Glucose 
  Double 
Chamber 
            
0.60 mW/m
3
 
Chaudhuri Rhodoferax 
ferrireducens 
2mM Glucose Iron (III) Aqueous Graphite 
Rod 
Graphite Rod Nafion 117 Batch    
961 mW/m
2
 
2003       Double 
Chamber 
6.5 x 10
-3
 m
2
 6.5 x 10
-3
 m
2
         
Rabaey Potato-processing 
sludge 
Glucose nutrient 
broth 
ferri-
cyanide 
Aqueous Graphite  Graphite  Ultrex PEM Fed-Batch   
4310 W/m
2
 
2004 Pseudomonas 
aeroginosa 
          Membranes 
International 
Inc. 
      
Liu Domestic 
Wastewater 
glucose Air Air Carbon 
Paper, wet 
Toray Carbon 
Paper 
Nafion 117 
(Bonded to 
Batch WW PEM: 28 mW/m
2 
0.7 W/m
3
 
1
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proofed cathode) 
2004  wastewater (oxygen) Single 
Chamber 
0.5 mg/cm
2 
Pt 
    WW no 
PEM: 
146 mW/m
2 
3.65  W/m
3
 
               Glucose 
PEM: 
262 mW/m
2 
6.55 W/m
3
 
                  Glucose no 
PEM: 
494 mW/m
2 
12.35 W/m
3
 
Min Primary Clarifier  acetate Air Air Carbon 
Paper 
Carbon Paper Nafion 117 
(Bonded to 
cathode) 
Continuous acetate: 286 mW/m
2 
71.5 W/m
3
 
2004  starch (oxygen)  100 cm
2
 0.5 mg/cm
2
 -
catalyst 
  starch: 242 mW/m
2 
60.5 \W/m
3
 
   glucose      Double 
Chamber 
  containing 10% 
Pt 
  glucose: 212 mW/m
2 
53 W/m
3
 
   dextran          dextran: 150 mW/m
2 
37.5 W/m
3
 
   butyrate           butyrate: 220 mW/m
2 
55  W/m
3
 
    wastewater             wastewater: 72 mW/m
2 
18 W/m
3
 
Oh Dewatered sludge 
from 
acetate (20mM) ferri-
cyanide 
Aqueous Carbon 
Paper 
Carbon Paper Nafion 117 Batch oxygen: 86 mW/m
2
 
388 mW/m
3
 
2004 ANA digestor     Double 
Chamber 
11.25 cm
2
 0.5 mg-Pt/cm
2
   30 C ferricyanide
: 
151 mW/m
2
 
680 mW/m
3
 
He ANA sludge from Artificial 
Wastewater 
ferri-
cyanide 
Aqueous reticulated 
vitreous 
carbon 
reticulated 
vitreous carbon 
PEM Continuous  170 mW/m
2 
 
31.7 W/m
3
 
2005 mesophilic Upflow 
Reactor 
sucrose, yeast 
extract 
  Upflow V:190 cm
3
, 
SA:97 cm
2
 
V:170 cm
3
, 
SA:194 cm
2
 
CMI-7000    
       Double 
Chamber 
10 pores per 
inch 
20 pores per 
inch 
Membranes 
International 
Inc. 
      
Liu  acetate 
(800mg/L) 
  Air Carbon 
Paper 
Carbon Paper Membrane 
Free 
Batch Air: 506 mW/m
2
 
12.7 mW/m
3
 
2005   butyrate 
(1000mg/L) 
  Single 
Chamber 
  0.35 mg/cm
2 
Pt     Membrane 
Free: 
305 mW/m
2
 
7.6 mW/m
3
 
Logan Gammaproteobact
eria 
Cysteine Air Aqueous Carbon 
paper 
Carbon Paper Nafion 117 Batch 385 mg/l 
cysteine 
19 mW/m
2 
88.5 mW/m
3
 
2005 ANA marine 
sediment 
    Double 
Chamber 
(two) 0.35 mg/cm
2
,
 
10%
 
Pt 
  770 mg/l 
cysteine 
39 mW/m
2 
175.5 mW/m
3
 
          11.25 cm
2
 11.25 cm
2
        
1
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Min  Swine 
wastewater 
Air Both Carbon 
Paper 
Carbon Paper Nafion 117 Fed Batch Aqu:  45 mW/m
2 
202.5 mW/m
3
 
2005         11.25 cm
2
 0.35 mg/cm
2
,
 
10%
 
Pt 
    Air: 261 mW/m
2 
1174.5 mW/m
3
 
Aelterman ANA and AER 
sludge 
Na-acetate ferri-
cyanide 
Aqueous Graphite 
Granuals:1.5 
to 5 mm 
Graphite 
Granuals:1.5 to 
5 mm 
Cation 
Exchange 
Continuous  258 W/m
3
 
2006 Proteobacteria 
majority 
    Stacked 
(12) 
Graphite 
Rod 
Graphite Rod CM17000       
Cheng Primary Clarifier  500 mg/L 
glucose 
Air Air CarbonCloth Carbon Cloth Carbon-
poltetrafluoro
-ethylene 
Batch Glucose: 1540 mW/m
2 
51 W/m
3
 
2006  Domestic WW   Single 
Chamber 
      wastewater: 464 mW/m
2 
15.5 W/m
3
 
Ringeisen Shewanella 
oneidensis  
Lactate  ferri-
cyanide 
Aqueous Reticulated 
vitreous 
carbon 
reticulated 
vitreous carbon 
Nafion 117 Continuous RVC: 24 mW/m
2
 
2006 DSP10       Graphite 
Felt 
Graphite Felt     Graphite 
Felt: 
10 mW/m
2
 
Kim
1
 Secondary 
Clarifier 
Ethanol Air Aqueous Carbon 
Paper 
Carbon Paper Nafion Fed Batch Nafion Aqu: 38 mW/m
2 
0.27 W/m
3
 
2007 Anaerobic Sludge   Aqueous Air   0.35 mg/cm
2
 CEM  Nafion Air: 514 mW/m
2 
25.7 W/m
3
 
             AEM  CEM Aqu: 33 mW/m
2 
0.23 W/m
3
 
               CEM Air: 480 mW/m
2 
24 W/m
3
 
               AEM Aqu: 35 mW/m
2 
0.25 W/m
3
 
                  AEM Air: 610 mW/m
2 
31 W/m
3
 
Logan Primary Clarifier  Cube: 1g/L 
acetate 
Air Air Fiber Brush Carbon Cloth carbon/poltetr
afluoroethyle
ne 
Batch Cube: 2400 mW/m
2 
73 W/m
3
 
2007   Bottle: 1g/L 
glucose 
      wet proofed, Pt 
or CoTMPP 
    Bottle: 1430 mW/m
2 
2.3 W/m
3
 
Rezael Anaerobic 
Sediment 
Chitin 20 Dissolved 
Oxygen 
Aqueous Carbon cloth Carbon Cloth Sediments Continuous Chitin 20: 76 mW/m
2 
0.68 W/m
3
 
2007  Chitin 80 in 
seawater 
Sediment   0.35 mg/cm
2 
Pt   Chitin 80: 84 mW/m
2 
0.76 W/m
3
 
    Cellulose             Cellulose 83 mW/m
2 
1
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1Different configuration MFC were used in aqueous and air cathode designs (Air 320mL, 22.5 cm2 and Aqueous 14mL, 7.0cm2) 
 
Powder Powder: 0.75 W/m
3
 
Zuo Domestic 
Wastewater 
0.8 g/L glucose Air Air Carbon 
Paper 
Carbon Paper ultrafiltration 
hydrophilic 
membrance 
Continuous Carbon 
Paper: 
403 mW/m
2 
8.8 W/m
3
 
2007          CoTMPP polysulfunate 
membrane 
on composite 
 Graphite 
Brush: 
2.3 mW/m
2 
17.7 W/m
3
 
            Graphite Brush polyester    
2
0
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Other MFC studies have utilized the fermentative products of microbes as their fuel 
source.  Fermentative processes can be conducted in vessels separate from the fuel cell 
and the products are then pumped to the anode for electrical production.  Separating the 
microbial fermentations from the fuel cell components, both spatially and temporally, 
allows for the fuel cell to run under conditions that may not be optimum for microbial 
growth (Katz et al. 2003).   
 
Electron Mediators 
 
Mediators are often applied in the operation of MFCs.  Mediators provide a means of 
transferring electrons from within the cell to the electrode and can be either exogenous 
(potassium ferricyanide and thionine) or those naturally produced by the organism 
(Rabaey et al. 2004).  As Katz et al. detailed, in order to provide efficient electron 
transport to the anode a mediator should posses the characteristics:  
 
(a) an oxidized state that easily penetrates the cell membrane to reach the reductive 
species within the cell. 
(b) A redox potential that fits the potential of the reductive metabolite (i.e., the 
mediator potential is positive enough to provide fast electron transfer from the 
metabolite but not so positive that it results in significant loss of potential). 
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(c) The oxidation state of the mediator should not interfere with any other metabolic 
process (inhibit or decompose). 
(d) Reduced state of the mediator should easily escape from the cell through the cell 
membrane. 
(e) Both oxidation states of the mediator should be chemically stable in the 
electrolyte solution, well soluble and should not adsorb to the cell walls or to the 
electrode surface. 
(f) The electrochemical kinetics of the oxidation process of the mediator-reduced 
state at the electrode should be fast.   
 
Table 2.2 summarizes some of the mediators used and their characteristic redox 
potentials. 
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Table 2.2 Common mediators used in MFC 
            
Redox Mediator  
Redox 
Potential  Rate of Reduction   
   (V vs NHE)
a
  (µmol (g dry wt)
-1
s
-1
)
b
   
            
2,6-Dichlorophenol- 
      indophenol  0.217  0.41   
        
Phenazine  
  ethosulphate   0.065   8.57   
            
Safranine-O  -0.289  0.07   
        
N,N-Dimethyl- 
   disulphonated  
   thionine   
0.220 
  
0.33 
  
            
New Methylene Blue  -0.021  0.20   
        
Phenothiazinone   0.130   1.43   
            
Thionine  0.064  7.10   
        
Toluidine Blue-O   0.034   1.47   
            
Gallocyanine   0.021   0.53   
            
Resorufin  -0.051  0.61   
            
a 
Eº´ at pH 7.0. NHE, normal hydrogen 
electrode    
b
The dye reduction by Proteus vulgaris at 30ºC, with 50µM dye and 0.10-0.15 mg (dry wt) 
mL
-1
 of microbial cells. 
 The oxidizable substrate is glucose.    
      
Adapted from Katz E, Shipway A N, Willner I. (2003) Biochemical Fuel Cells. P 360-361.  
In W. Vielstich, H.A. Gasteiger, and A. Lamm (ed.), Handbook of Fuel Cells-Fundamentals,  
Technology and Applications Vol.1. John Wiley & Sons, New York, N.Y. 
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In addition to using electron mediators within the anode, alternatives to oxygen as a final 
electron acceptor can be employed.  Multiple researchers have exploited the redox 
characteristics of enzymes such as bilirubin oxidase or ferricyanide and other chemically 
derived compounds to enhanced power outputs of MFCs (Yagashita et al. 1997, 
Tsujumura et al. 2001, Rabeay et al. 2003, Oh et al. 2004, He et al. 2005, Aelterman et 
al. 2006, Ringeisen et al. 2006).  Such oxygen substitutes may be costly or toxic and 
require replacement after oxidized.    
 
Evidence shows that some metal-reducing bacteria, thermophilic bacteria and 
fermentative bacteria may be able to mediate extracellular electron transport in response 
to electron-acceptor limitations (Gorbi et al. 2006, Hernandez and Newman 2001).  The 
term bacterial nanowires has been coined to describe the “electrically conductive pilus-
like appendages” that are found in some bacteria including Synechocystis PCC6803, an 
oxygenic phototrophic cyanobacteria, and Pelotomaculum thermopropionicum, a 
fermentative, thermophilic bacteria (Gorbi et al. 2006).  
 
Exchange Membranes 
 
Nafion, a synthetic polymer produced by DuPont, is commonly used in MFC research as 
the proton exchange membrane material.  As stated by Slade et al. 2002, “Nafion consists 
of a hydrophobic fluorocarbon backbone to which hydrophilic sulfonate groups (-SO4
-
) 
are attached” providing for an array of unique properties most importantly to MFC a high 
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conductivity of cations.  Nafion is primarily used in chlor-alkali production, metal-ion 
recovery, water electrolysis, plating, surface treatment of metals, and super-acid catalysis 
for the production of fine chemicals (Gelbard, 2005).  Though versatile, Nafion is costly 
to purchase ($200 per 0.09 m
2
) making it advantageous for research but CEM are less 
expensive and most often more resilient that Nafion (Kim, Cheng et. al. 2007).  With any 
membrane and mixed waste substrate in a MFC cation species other than protons 
comprise the majority of the positive charge passing through the membrane  which can 
negatively affect electron flow (Rozendal et al. 2006) and cause membrane bio-fouling 
(Rabaey et al. 2005).  Nafion has been shown to allow greater transfer of oxygen and 
acetate across its membrane than the CEM CMI-7000 (Table 2.3) (Kim, Cheng et. al. 
2007).  
 
Table 2.3 Membrane Properties 
Membrane Property Nafion CEM 
      
Thickness (cm)  0.019 0.046 
ko (x10
-4
 cm/s)  1.3 0.94 
Do (x10
-6
 cm
2
/s)  2.4 4.3 
kA (x10
-8
 cm/s)  4.3 1.4 
DA (x10
-9
 cm
2
/s)   0.82 0.66 
ko and kA are mass transfer coefficients for oxygen and acetate respectively and  Do  and DA diffusion 
coefficients for oxygen and acetate respectively. 
Adapted from Kim, Cheng et .al. 2007 
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Aqueous versus Air Cathode 
 
Elimination of aqueous cathodes in favor of an air cathode has also been examined.  Air 
cathodes lower the internal resistances of the MFC and eliminate the requirements for 
aerating an aqueous system.  Such systems utilize carbon cloth wet-proofed with 
successive coats of polytetrafluoroethyle (Cheng et al. 2006), hot-pressing Nafion onto a 
wet-proofed carbon cloth (Liu et al. 2005, Kim et al. 2007) or an ultrafiltration 
hydrophilic membrane coated with proprietary graphite paint (Zuo et al. 2007) to achieve 
contact between the anode solution, electrode and air while minimizing water losses.    
 
Removal of the PEM in air chamber cathodes has been shown to increase the power 
density but lower the CE achievable.  Most likely the removal of the PEM leads to 
increased rates of mass transfer of protons to the cathode, lowering internal resistances, 
but allowing oxygen to transfer into the anode (Liu et. al. 2004).  Greater removal of 
soluble COD was therefore seen in air cathodes but less of the available energy was 
converted into an electrical current.  At some point the advantages of greater levels of 
treatment may outweigh the low CE. 
 
Other MFC Uses 
 
As described by Lovely (2006) MFCs posses properties that not only make them 
advantageous for treating wastes but also for managing polluted waters.  Bioremediation 
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of polluted surface water is often hindered by the fact that introducing an oxidizing agent 
such as O2 into the polluted water is inefficient, but introducing an electrode could prove 
less evasive and much more efficient (Lovely 2006).  The placement of a solid electrode 
with oxidative bacteria connected to a surface electrode would provide ample means for 
bioremediation of the polluted waters and possible energy return.  Lovely (2006) 
proposes that electrodes could additionally be used for the treatment of radioactively 
polluted waters, where Uranium (U
+6
) is reduced to a precipitate form U
+4
 on the 
electrode for easy removal (Lovely 2006).  A similar method can be applied to toluene 
and chlorinated solvent cleanup but is still in preliminary research. 
 
The majority of the research that has been conducted with MFC has been done under 
small volumes.  More data utilizing low cost MFC materials is needed to determine the 
viability of large scale operations.   
 
Cyanobacteria and Algae 
 
Cyanobacteria, or more commonly blue-green algae, along with green algae show 
promise as a producer of hydrogen and electricity (Hallenbeck and Benemann 2002, 
Ghiradi et al. 2001, Laurinavichene et al. 2002, Madamwar et al. 2000, Melis et al. 2000, 
Melis and Happe 2001, Philips and Mitsui 1983, Zhang and Melis 2002).  Historically 
algal biomass was utilized as a food source and feed stock for animals.  More recently, 
algae are being used for the production of oils, pharmaceuticals, food supplements and as 
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feed stocks in aquaculture.  Algae may also provide a pollution remediation for the 
removal of nutrients from runoff and CO2 from the exhaust of power plants. 
 
Cyanobacteria are photosynthetic bacteria that occur naturally in most aquatic 
environments.  Examination of fossil records from 3.8 billion years ago may support the 
theory that cyanobacteria aided in the conversion of the atmosphere from a reducing one 
to an oxidizing one. 
 
 
 
Figure 2.6 Microscopic views of cyanobacteria. 
http://www.ucmp.berkeley.edu/bacteria/cyanointro.html 
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Algae within a MFC 
 
Algae provide an alternative option for MFCs.  They exist in most natural bodies of water 
and cultures are easily grown outside of those natural conditions.  Research has shown 
that cyanobacteria can act as an electron donor within a MFC anode utilizing solar 
radiation as an energy source (Tsujimura et al. 2001 and Yagishita et al. 1997).  There 
also exists the possibility of using cyanobacteria and algae as a photosynthetic oxygen 
producer within the cathode of a MFC. 
 
Algae possess photosynthetic capabilities that are the key component to their utilization 
as an energy source.  The electron transport chain (ETC) involved in photosynthesis 
provides the opportunity for harvesting energy.  Through interruption of the ETC an 
electrical current can be obtained by a microbial fuel cell or when proper conditions are 
imposed hydrogen can be evolved for energy purposes. 
 
Cyanobacteria and algae may be used in the anode of a MFC to obtain energy during 
sunlight exposure with the use of mediators but also during dark conditions without the 
use of mediators.  Under light algae and cyanobacteria obtain their energy through 
photosynthesis, converting sunlight into stored carbohydrates.  They perform respiration 
during dark periods, breaking down carbohydrates releasing stored energy to maintain 
cell operations.  Theoretically both processes could be interrupted with a MFC to obtain 
electrical current (Yagishita et al. 1997): 
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Under Illumination: H2O → ½ O2 + 2H
+
 + 2e
-
 
In the Dark:  C6H12O6 + 6H2O → 6CO2 + 24H
+
 + 24e
-
   
 
If electrons could be intercepted during respiration algae and cyanobacteria would act as 
a natural sunlight battery. 
 
Direct capture of electrons from cyanobacteria is presented by Tsujimura  et al. and 
Yagishita  et al.  Both investigated the Synechococcus sp., a marine cyanobacterium, and 
the employment of mediators and carbon cloth electrodes.  Tsujimura et al. implemented 
2,6-dimethyl-1,4-benzoquinone (DMBQ) or diaminoduren (DAD) in the anode and 
bilirubin oxidase (BOD) in the cathode.  However Yagishita et al. utilized 2-hydroxy-1,4-
napthoquinone (HNQ) in the anode and ferricyanide in the cathode.   DMBQ/DAD and 
BOD combination produced 0.29 W/m
2
 at 500 Ω, for the estimated electrode area 
(Tsujimura et al. 2001).  Use of HNQ and ferricyanide produced a maximum power 
output of 1.4mW; electrode dimensions were not provided (Yagishita et al. 1997).   
Tsujimura et al. also derived an equation for the steady state current (IS), assuming that 
along the reaction layer of the electrode surface the electrode reaction is in equilibrium 
with the enzyme reaction: 
 
tM
catMMS
tMS
MK
EkDnn
MFAnI
2
2
     (Tsujumura et al. 2001) 
 
               
31 
Tsujimura et al. (2001) define A as the electrode surface area; F, the Faraday constant; ns 
and nm, the number of electrons of substrate and mediator, respectively; DM and [M]t, the 
diffusion coefficient and total concentration of the mediator, respectively; kcat, the 
catalytic constant; [E], the enzyme concentration; and KM, the Michaelis constant of 
enzyme against mediator (Tsujimura et al. 2001).  
 
Hydrogen Production by Green Algae and Cyanobacteria 
 
Hydrogen is a possible alternative to fossil fuels.  Hydrogen is obtainable with green 
algae by disrupting the normal photosynthetic electron transport chain.  Obtaining 
hydrogen is most readily achieved by applying a current to a water source:  
222 22 OHEnergyOH  
 
Combination of hydrogen and oxygen is the reverse of this reaction which yields energy 
and water, devoid of greenhouse gases or other pollutants.  Use of hydrogen as an 
alternative fuel depends upon finding a substitute for combusting fossil fuels to produce 
the electrical current used to produce hydrogen.  Green algae and cyanobacteria provide 
for such an alternative (Gaffron and Rubin 1942, Melis et al. 2000, and Hallenbeck and 
Benemman 2002).  
 
During photosynthesis photons are absorbed by photosystem II (PSII) in the thylakoid 
initiating electron transport.  From the PSII, energy from photons are passed on to excited 
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electrons which are then moved onto electron carries (Genomics:GTL 2007).  Electrons 
lost in the PSII are then replaced by stripping two water molecules of their electrons and 
leaving four protons (H
+
) and an oxygen molecule (O2).  Electrons continue on through 
the thylakoid membrane, the cytochrome complex and transferred to ferredoxin.  From 
reduce NADP
+
 is reduced to NADPH and carbon dioxide is fixed into carbohydrates 
(Genomics:GTL 2007).  Interruption of this electron transport chain allows for possible 
energy gains.   
 
Green algae in the absence of oxygen transfer electrons to a hydrogenase complex which 
then reduces protons to H2 (Melis and Happe 2001).  Purple nonsulfur bacteria produce a 
nitrogenase that perform a similar reaction under nitrogen limited conditions 
(Genomics:GTL 2007).  
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Figure 2.8 Schematic of electron transport under aerobic and anaerobic conditions 
http://genomicsgtl.energy.gov/benefits/hfromh2o.shtml 
 
 
Hydrogenase has been elucidated as the key component for the production of hydrogen, 
in green algae.  Hydrogenase is genetically expressed when anaerobic conditions arise in 
the culture. The expression of hydrogenase is sensitive to the presence of oxygen, which 
is released during evolution of hydrogen (Melis and Happe 2001).  Two different 
hydrogenases are expressed depending on the organism present.  Green algae and some 
bacteria express an iron (Fe) hydrogenase whereas most bacteria and some cyanobacteria 
express a nickel-iron (NiFe) hydrogenase (USDOE). 
 
Sulfur Limitation and Hydrogen Production 
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Along with anaerobic conditions, sulfur limitation is beneficial to the photosynthetic 
production of hydrogen (Melis and Happe 2001).  Sulfur limitation directly inhibits 
synthesis of amino acids that contain cysteine and methiodine.  Blocking the 
corresponding proteins containing cysteine and methiodine obstructs the PSII repair cycle 
(Ghirardi et al. 2001).  This degradation of the PSII mechanism leads to a decrease in 
levels of oxygen and the degradation of internal starches for use as substrate in 
mitochondrial respiration (Melis and Happe 2001).  Mitochondrial respiration quickly 
consumes any remaining oxygen and ensures anaerobic conditions. This is then followed 
by the expression of NiFe-hydrogenase and subsequent hydrogen evolution.  Breakdown 
of internal starches allows for the cell to remain alive during anaerobis.  Careful 
mediation of sulfur nutrients into the growth media showed prolongation of hydrogen 
evolution to much longer extents than previously achieved (Zhang and Melis 2002).  
Precise mediation of sulfur along with control of other limiting nutrients could prove to 
be a possible way to extend the production of hydrogen without the degradation of the 
cell culture and loss of any high value end products.    
 
Hydrogen production periods can be prolonged if sulfur media concentrations are 
mediated at high enough levels to maintain cell life while still being low enough to drive 
anaerobic conditions.  If an optimization between hydrogen production periods and cell 
integrity can be achieved, conventional algal biomass production techniques can be used 
for energy production.  Cycling of the system between anaerobic and aerobic stages 
provides an option that allows for prolonged production.  C. reinharditii has shown the 
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ability to cycle up to three times through stages of regular growth and sulfur-depletion-
hydrogen-production while maintaining hydrogen production (Ghirardi et al. 2001).  
Hydrogen production volumes were fairly constant throughout the cycles but cell density 
was not measured not answering the viability of the biomass harvest.  
 
A novel approach taken by Rosenbaum et al (2005) considered the ability of 
Chlamydomonas reinhardtii to evolve hydrogen gas as shown by Gaffron and Rubin 
(1942).  Hydrogen gas that evolved was directly converted into electricity via a fuel cell.  
Rosenbaum’s cell implemented similar designs of that of microbial fuel cells with 
platinum mesh electrodes (50x90 mm) and Nafion 117 perflurinated membrane.  With 
hydrogen being continuously removed the inhibitory effects of hydrogen were removed 
allowing for further hydrogen evolution.  Along with the elimination of inhibitory effects, 
a more efficient electron transfer to the electrodes was achieved.  A maximum of 9 mA 
was obtained coinciding with a hydrogen output of 4.1 mL/hour. 
 
Although the process of hydrogen production by green algae has shown to be promising 
there are still multiple hurdles that must be overcome before viable commercial 
implementation can be achieved.  Of those obstacles three major concerns stand out: cell 
degradation during anaerobic hydrogen production, maximization and prolongation of 
hydrogen production and the biochemical understanding of the hydrogenase mechanism.  
Elucidating solutions to these areas would lead to a better understanding of how to 
produce hydrogen with algae such that it could be a significant energy provider. 
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Other High Value Products from Algae in MFCs 
 
Recent research shows that cyanobacteria possess beneficial health compounds, including 
anti-viral and anti-cancer properties.  Cyanobacteria along with many photosynthetic 
plants contain the sulfolipid sulfoquinovosyl diacyglycerol or SQDG (Mudd and 
Kleppinger 1987).  This lipid shows promise as a treatment option for some types of 
cancer and as an antiviral agent, most notably HIV (Quasney et al. 2001, Gustafson et al. 
1989, Loya et al. 1998, Yamzaki et al. 2004).  The characteristic structural and biological 
active site of SQDG is the sulfonic head group. 
 
 
Figure 2.7 Structure of SQDG where R1 and R2 represent acyl chains of different length 
and degree of unsaturation (Benning, 1998) 
 
Recent research of SQDG explores its use as a possible treatment option for AIDS.  
SQDG showed promise in inhibiting the proliferation the AIDS virus, primarily through 
the inhibition of the reverse transcriptase of HIV-1 by sulfoglycolipids.  Reverse 
transcriptase directly interacts with DNA polymerase and RNase H, which in turn both 
provide for the conversion of viral genomic RNA into proviral double stranded DNA 
(Loya et al. 1998).  Blocking reverse transcriptase would prevent viral DNA from 
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forming and incorporating with human cell DNA.  Loya et al. investigated lipophilic 
extract of five different cyanobacteria strains; Oscillatoria roai, Scytonema sp., 
Oscillatoria trichoides, Phormidium tenue, and Oscillatoria limnetica.  All of which 
showed the inhibition of the poly(rA)n∙oligod(dT)12-18-directed DNA synthesis of HIV-1 
reverse transcriptase by 95%, at concentrations of 10 µg/mL (Loya et al. 1998).  The 
actual mechanism of the inhibition is still unknown but it is believed that the lipophilic 
groups of SQDG interact with the hydrophobic core of the reverse transcriptase enzyme 
while the negatively charged sulfonic moiety may interact with the positively charged 
side chains of the enzyme (Loya et al. 1998). 
 
Other lines of research and patents explore SQDG as a chemotherapeutic drug in 
treatment of cancers.  Quasney et al. investigated the inhibition and proliferation of 
gastric cancer cells by plant sulfolipids.  Purified spinach SQDG (Lipid Products) was 
used for the experiments.  The addition of SQDG to SNU-1 cell cultures resulted in 
inhibited growth after 24 hours (Mudd and Kleppinger 1987). 
 
Investigation using algae as a photosynthetic oxygen producer within aqueous cathodes 
of MFCs has not been explored.  Replacement of mechanical aeration with 
photosynthetic aeration will lower the required power input of a MFC yielding higher net 
energy gains.  Harvesting of algal cells and lipids for fuels or supplements would also 
increase profitability of photosynthetic aerated MFCs.  The following chapters explore 
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the use of algae as a photosynthetic aerator for MFCs treating waste from the biological 
production of hydrogen gas. 
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ABSTRACT 
 
A microbial fuel cell (MFC) creates an environment that facilitates the conversion of 
electron donor compounds into electrical current through the oxidizing powers of 
microbial growth.  Within the anode of a MFC bacteria grow oxidizing organic 
compounds while in the cathode oxygen is reduced.    The goal of a MFC is to achieve 
respiration under anaerobic conditions having electrodes serve as intermediate electron 
acceptor for bacteria in the anode and shuttle electrons through a circuit to the cathode 
reducing a terminal electron acceptor.   
 
Waste from the biological production of hydrogen from agricultural peach was explored 
for use within the anode of a MFC Bacteria for use within the anode chamber were 
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cultured from anaerobic sludge.  Photosynthetic aeration by wild type algae cultured in 
the cathode was compared to active mechanical aeration.   
 
Peak power density achieved by mechanically aerated trials was 78.3mW/m
3
 (0.482 volts 
at 989 ohms at an initial mean soluble COD of 747.3 mg COD/L) and the peak power 
density achieved by photosynthetically aerated trials was 108.0 mW/m
3 
(0.129 volts at 
220 ohms at an initial mean soluble COD of 925.8 mg /L COD).  Soluble COD was 
decreased in all trials and soluble COD removal was above 80% in 19 out of 24 trials (8 
mechanically aerated and 11 photosynthetically aerated).  At an initial soluble COD of 
218.9 mg/L a photosynthetically aerated cathode MFC obtained 123 mW/m
3
 (0.234 volts 
at 150 ohms).  
 
Keywords:  Microbial Fuel Cell, photosynthetically aerated cathode 
 
INTRODUCTION 
 
The fermentation of carbon rich waste streams for the production of hydrogen also 
produces organic byproducts such as acetic acid, propionic acid and ethanol (Schroder et 
al. 1995).  These organic compounds contain usable energy for conversion through 
biological means.  A MFC provides means for converting the energy present in a waste 
stream to electricity while also treating the waste stream for disposal. 
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MFC Theory 
 
To harvest energy MFCs utilize microbial growth in a design similar to hydrogen fuel 
cells.  The goal of a MFC is to achieve respiration under anaerobic conditions having 
electrodes serve as electron acceptor for bacteria in the anode and shuttle electrons 
through a circuit to the cathode reducing a terminal electron acceptor.  Typically a MFC 
consists of an anode chamber, a cathode chamber; an exchange membrane and an 
external circuit connecting the anode to the cathode (Figure 3.1).  The anode chamber 
contains facultative bacteria and substrate in solution but no oxygen or other inorganic 
electron acceptors.  The cathode chamber contains the electron acceptor for oxidation and 
can be air or aqueous.  The exchange membrane allows the transfer of protons from the 
anode to cathode while preventing oxygen transfer from cathode to anode.  The external 
circuit along with electrodes provides means for capturing electrons donated by bacteria 
for energy purposes. 
 
Under typical aerobic respiration conditions, organic compounds such as glucose are 
oxidized through Embden-Meyerhoff Pathway and the tricarboxylic acid (TCA) cycle 
resulting in the following half-reaction: 
 
C6H12O6  + 6 H2O  6 CO2 + 24 H
+
 + 24e
-
 + 4 ATP (1) 
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For glucose, since 24 moles of electrons are removed per mol of glucose oxidized, the 
theoretical yield is 2.3x10
6
 Coulombs per mole of glucose (Drapcho et al. 2008).  During 
aerobic oxidation the majority of ATP is generated as oxygen is reduced through the 
electron transport system (Madigan et. al 1997):  
 
24H
+
 + 24 e
- 
+ 6 O2  → 12 H2 O + 34 ATP   (2) 
 
By combining the two equations, and not considering cell growth, the overall aerobic 
oxidation of an organic compound such as glucose simplifies to (Madigan et. al 1997): 
 
C6 H12O6  + 6 O2   6 CO2 + 6 H20 + 38 ATP  (3) 
 
It has been proposed that ATP synthesis for microbial growth in an MFC may be as low 
as 4 mol ATP/mol of glucose, assuming that the MFC and bacteria are 100% efficient at 
transferring electrons to the electrode and that no inorganic electron acceptors are present 
(Drapcho et al. 2008).  A theoretically perfect MFC would free 24 electrons per mole of 
glucose as in equation 1, with cells growing close to anaerobic respiration conditions.    
Metabolic pathways of bacterial growth in a MFC are most likely to lie somewhere 
between those found under aerobic and anaerobic conditions, equations 1 and 2 
respectively (Thurston et al. 1985).   
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Bacteria and substrate are physically separated from the terminal electron acceptor in a 
MFC.  Inducing high anode potentials allow microorganisms to utilize the repiratory 
chain, in the absence of oxygen, by donating electrons to the anode while protons freed in 
the oxidation process pass through the exchange membrane to the cathode (Rabaey et al.  
2005). Protons produced by the oxidation of glucose (equation 1) pass through the 
exchange membrane to the cathode chamber where they can combine with oxygen and 
electrons to form water (equation 2).  For a MFC to operate the electron transport system 
of the microorganism must be intercepted such that the proton motive force that drives 
ATP synthesis is not allowed to develop and ATP generation is reduced.  Metabolic 
pathways of bacterial growth in a MFC are most likely to lie somewhere between those 
found under aerobic and anaerobic conditions (Thurston et al. 1985).   
 
Figure 3.1 Typical MFC arrangement. (Drapcho et al. 2008) 
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Previous Research 
 
A major focus of recent research has been the utilization of waste streams including 
domestic or agricultural wastes.  Domestic waste water as substrate within a single 
chamber air cathode MFC was capable of producing a peak power density of 146 
mW/m2 at 1000 Ω (Liu and Logan 2004) and 464 mW/m2 at 1000 Ω (Chen et al. 2006) 
both under batch operation. Swine wastewater, a common agricultural waste, was 
examined in both a two-chambered and single-chamber MFC.  A maximum power 
generation of 45 mW/m
2
 at 1000 Ω and a maximum of 261 mW/m2 at 200 Ω, 
respectively (Min et al. 2005). 
 
Use of spent fermentation media as the organic carbon source in a MFC has also been 
investigated.  For example, hydrogen gas can be produced from the fermentation of 
organic carbon by certain bacteria and archae (Schroder et al. 1994).  A variety of carbon 
sources, including sugars contained in cull peaches, can be utilized by the bacterium 
Thermotoga neapolitana to produce hydrogen (Yu 2007, Jain 2008).  However, only 33% 
of the energy contained in the organic substrate is converted to hydrogen (Thauer 1976), 
with the remaining energy converted to organic byproducts such as acetic acid, propionic 
acid and ethanol.  Schroder et al. (1994) showed that Thermotoga maritima ferments 1 
mole of glucose to 2 moles of CO2, 4 moles of H2 and 2 moles of acetic acid.  Several 
strategies to increase energy recovery in biohydrogen production have been identified 
(Liu et. al. 2005) as: 
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1. Linking hydrogen production with methane production within a two stage 
process. 
2. Using phototrophic bacteria to further ferment organic carbohydrates to 
hydrogen. 
3. Converting fermentative byproducts to electrical power in a MFC. 
 
A MFC provides means for converting the energy present in a waste stream to electricity 
while also treating the waste for disposal.  A MFC utilizing acetate at 800mg/L produced 
a power output of 506 mW/m
2
 and those employing butyrate at 1000mg/L produced a 
power output of 305 mW/m
2
 (Liu et al. 2005).   
 
The objectives of this research were: 1.) to investigate the biochemical operations of 
heterotrophic bacteria and photosynthetic cyanobacteria as they relate to electrical 
production within MFC; and 2.) to compare power output when using mechanical 
aeration to photosynthetic oxygen production in the cathode of a MFC.   
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MATERIALS AND METHODS 
 
Overview 
 
Four 6 liter replicate MFCs were constructed for experimental trials.  Spent fermentation 
media from biohydrogen production was used in the anode for all trials.  A summary of 
the experimental treatments is presented in Table 3.1. 
Table 3.1 Summary of Experimental Treatments 
Run Culture 
Aeration 
Treatment 
Initial 
COD 
mg/L 
1-1 Inoculated Media Mech 846.05 
1-2 
Cells present on electrode after previous 
run Mech 998.39 
1-3 
Cells present on electrode after previous 
run Mech 799.78 
2-1 Inoculated Media Algal 1183.65 
2-2 
Cells present on electrode after previous 
run Algal 943.16 
2-3 
Cells present on electrode after previous 
run Algal 878.66 
3-1 Inoculated Media Algal 315.84 
 
Design and Fabrication 
 
Four replicate 2 chamber MFC’s were constructed of ¼” acrylic sheet (US Plastics) 
which were cut and machined to 30 cm x10 cm side walls with three ½” ports, 17 cm x17 
cm end plates with ¼ grouts (Appendix A).  Aquarium grade activated carbon, 55 grams 
per electrode, and fiberglass mesh were used for the electrodes over that of platinum 
embedded carbon cloth.  A cation membrane normally used for desalination( $300 per 
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3.6m
2
 Membranes International), was used over a proton exchange membrane (Nafion, 
$200 per 0.09m
2
 Ion Power), historically used in MFC’s.  No external electron mediators 
were supplied to the system. 
 
Final design (Figure 3.2) anode and cathode volumes were 3 liters each with dimensions 
of 30cm x 10cm x 10cm.  Sheets were joined using acrylic adhesive SC-125 (US 
Plastics), reinforced with Weld-On #16 Solvent Cement (IPS Corporation) and then spot 
sealed with Silicone II (GE).  Cation membranes were held between the chambers by ¼” 
neoprene gaskets (55-65 Durometer Rubber-Cal).  Chambers were held together by 
fourteen ¼” diameter screws evenly distributed along the face and tightened with wing 
nuts.  Openings between cells were approximately 10 cm in diameter.  Three ½” ports 
were drilled into the top of each half of the cell. 
   
        
  
 
 
 
 
 
 
 
 
Figure 3.2 MFC Setup with anode on left and mechanically aerated cathode on right
5
3
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Electrodes for the MFC consisted of fiberglass mesh pouches filled with 50 grams of 
granular carbon (Aqua-Tech)(Appendix A).  Granular carbon was selected for its high 
surface area and conductivity.  Electrode to chamber volume ratio was 0.05cm
3
/cm
3
 
(~150 cm
3
 per electrode).  The cell circuit was completed by inserting graphite rods 
(6.15mm diameter, 15 cm long VWR AA40768-KM) capped by rubber stoppers into the 
electrodes and connecting the circuit across the desired load with copper wire.  Solderless 
breadboards (PB-400 ww.allelectronics.com) were used to construct the circuit and 
allowed for ease in varying resistance.  During operation voltages were logged every 10 
minutes using MASTECH MAS-344 multimeter (Appendix A) connected to a CPU.  
 
Oxygen reduction potential (ORP) defined as the relative measure of the oxidizing or 
reducing capacity of a growth media was measured with ORP probes (Cole Palmer 
Double Junction ORP Electrode WU-27009-31) inserted into the anode. 
   
Early design utilizing Nafion and smaller volumes encounter problems of clogging, 
leaking and durability.  Nafion membranes tended to collect growth and deteriorated in 
the media requiring replacement after each trial.  Evaporation occurred readily in the 
smaller volume design anodes.  Leakage was overcome by reinforcing seals with Weld-
On #16 solvent cement and Silicone II and allowing for ample setting and drying.     
 
For mechanically aeration trials, tap water was added to the cathode and a stainless steel 
air-stone connected to a compressed air line was placed in the chamber. 
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Culture Preparation  
 
Anode Chamber 
 
Anode chamber media consisted of spent fermentation media from the biological 
production of hydrogen by Thermotoga neapolitana.   Modified ATCC 1977 media 
containing depitted, blended peaches was used for the biohydrogen production (Table 
3.2).  After production of hydrogen the remaining COD of the fermented peach media is 
10,000 to 12,000 mg/L.   
 
A bacterial preculture was prepared by adding inoculums obtained from lab anaerobic 
digesters to spent peach fermentation media and culturing for 36 hours.  Spent 
fermentation media was diluted to ~1,000 mg/L COD with tap water and added to the 
anode chamber.  250 mL of the bacterial preculture was added to each anode chamber for 
trial 1-1, 2-1, and 3-1. 
 
In subsequent trials in each series, the anode chamber was drained and replenished with 
new media, but additional innoculum was not added.  
 
 
 
 
 56 
Table 3.2 Modified ATCC 1977 Media for Thermotoga neapolitana 
 
 
Compound     
peach 50 g 
NH4Cl 1.0 g 
K2HPO4 0.3 g 
KH2PO4 0.3 g 
MgCl2 x 6H2O 0.2 g 
CaCl2 x 2H2O 0.2 g 
NaCl 10.0 g 
KCl 0.1 g 
Cysteine HCl 1.0 g 
Yeast Extract 2.0 g 
Trypticase 2.0 g 
Vitamin DSMZ 
14 10.0 mL 
Trace elements 
DSMZ 14 10.0 mL 
H2O 1.0 L 
 
Cathode Chamber 
 
An algal preculture obtained from freshwater sources and containing primarily 
Scenedesmus species was used for inoculation into photosynthetically aerated cathodes.  
The algal preculture was grown on BG-11 (table 3.11) media under constant illumination.  
Cathode chambers were filled with BG-11 media and 250 mL of algal preculture.     
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Table 3.3 BG-11 media constituents 
 
Chemical Amount 
NaNO3 1.5 g 
K2HPO4 0.04 g 
MgSO4 7H2O 0.075 g 
CaCl2 2H2O 0.036 g 
Citric Acid 6.0 mg 
Ferric ammonium citrate 6.0 mg 
EDTA 1.0 mg 
Na2CO3 0.2 g 
Trace Metal Mix A5 1.0 mL 
Distilled Water 1.0 L 
Trace Metal Mix A5   
H3BO3 2.86 g 
MnCl2 4H2O 1.81 g 
ZnSO4 7H2O 0.222 g 
Na2MoO4 2H2O 0.39 g 
CuSO4 5H2O 0.079 g 
Co(NO3)2 6H2O 49.4 mg 
Distilled Water 1.0 L 
 
 
Analytical Measurements 
 
COD samples were collected and analyzed using high range accu-Test ™ Chemical 
Oxygen Demand Systems EPA Approve Micro-COD (VWR, Bioscience, Inc.) at the 
beginning and end of each the trial.  As per standard methods soluble COD was 
determined by filtering sample through a 0.45 μm filter prior to placement in the COD 
vials.  Particulate COD was then calculated by subtracting soluble COD from the total 
COD. For trials 1-1, 1-2, and 1-3 initial COD samples were taken from the bulk media 
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solution but for trials 2-1, 2-2, 2-3 and 3-1 each initial COD samples were taken from 
each reactor to lessen errors in reading COD that occurred from initial mixing of bulk 
media. 
 
Optical density was used to quantify algal cell concentrations.  An optical density (OD) 
versus total suspended solids (TSS) calibration curve was developed.  Biomass weights 
were determined using Method 2540 D, Total Suspended Solids; Standard Methods 
(APHA, 1995) with modification of 0.2 m filter algal culture.  ORP and pH were 
recorded daily.   
 
Setup and Operation 
 
For trials 1-1 and 2-1, electrodes were hand washed with warm water, autoclaved then 
washed with deionized water.  Electrodes were soaked in deionized water for at least 12 
hours prior to use in MFCs.  ORP probes and graphite electrode assemblies were inserted 
into the anode and sealed with Silicone II.  Cation membranes were cut to 15 x 15 cm 
squares and allowed to soak in the fermented waste media for at least 3 hours prior to 
placement in the MCF.  The anode and cathode chambers were simultaneously filled.   
 
Anode chambers were sparged with nitrogen gas for 15 minutes prior to final sealing to 
remove residual oxygen. For trials 1-1 and 2-1 circuits were completed using a 1,000 Ω 
resistor to run overnight prior to construction of polarization curves, based on experience 
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with prior aqueous cathode MFCs. Voltage was measured using MAS-344 multimeter 
and a CPU at a sampling rate of 10 minutes.   
 
Power and Polarization Curves 
 
Power curves and polarization curves were constructed for each of the four MFCs to 
determine the internal resistances.  Characteristically different internal resistances result 
from minute dissimilarities in construction, contact between electrode components and 
biological growth on electrodes.   
 
An array of resistors from 9,900 Ω to 100 Ω was assembled on a breadboard.  The 
equilibrium voltage across each resistor was recorded after 15 minutes for each MFC.  
Power curves are obtained by plotting power versus current and polarization curves are 
obtained by plotting voltage versus current.  A polarization curve that is linear indicates a 
MFC with high internal resistance (Logan et al 2006). The slope of the linear regression 
of the polarization plot is equal to the internal resistance of the fuel cell (Logan et al.  
2006). When an external resistor is used that matches the internal resistance value, peak 
power is obtained (Logan 2006).   
 
Polarization and power curves were constructed for trials 1-1, 1-2 and 2-1 12 hours after 
inoculation and at the end of trials 2-1. 
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Calculations 
 
Observed biomass yields 
Observed biomass yields, YX/S, (mg/L COD) were approximated:   
COD
CODeParticulat
Y SX
Soluble
/
 
 
Substrate Utilization and Coulombic Efficiency 
  
Coulombic efficiency (CE) was calculated based on the theoretical maximum coulombs 
(Cmax) obtainable from the complete oxidation of soluble substrate present in the MFC. 
Coulombic efficiency can be calculated as: 
100
maxC
C
CE P   (Logan et al. 2006) 
The higher the CE the greater the efficiency of the fuel cell at oxidizing soluble substrate 
and converting it to electricity via bacteria donating electrons to the electrode.  With the 
initial soluble COD level Cmax can be determined by the equation: 
 
Cmax = Ff SCODV   (Drapcho et al. 2008)   
 
where F = 96,485 C/mol electrons, f = factor of 1 mol electrons/ 8 g COD; and SCOD = 
soluble substrate concentration, g COD/L (Drapcho et al. 2008).  For batch operation, 
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Coulombs of charge produced and transferred to the anode electrode (CP) can be 
calculated by integration of the current response of the MFC versus time or simply as: 
 
CP = I*t    (Logan et al. 2006) 
 
where t = time of stable voltage output, s.  For experiments CP was calculated in Excel 
using a midpoint averaging method for the current points logged every 10 minutes (600 
seconds).   
 
RESULTS AND DISCUSSION  
 
Internal Resistances 
 
Power curves were run again mid way through Trial 1-2 and at the end of Trial 2-1 once 
bacterial growth had established itself onto the surface of the electrode.  In general, 
internal resistances were linear signifying MFC dominated by high internal resistances.  
Also internal resistances decreased on average as time progressed, likely due to bacterial 
growth on the anode.  Also internal resistances were lower with more variation in 
response for photosynthetically aerated cathode trials, suggesting an impact of media 
constituents or algal growth on cathode. (see Figures 3.2 through 3.11).  
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Table 3.7 Summary of Internal Resistances for Experimental Trials 
  Reactor 
Internal 
Resistance 
Time 
Determined 
    (ohms) (hrs) 
Run 1-1 A 1020.7 22 
  B 997.6   
  C 1065   
  D 1055.3   
Run 1-2 A 919 160 
  B 621.3   
  C 697.8   
  D 656.8   
Run 2-1 A 452.4 70 
Start B 178.8   
  C 334.2   
  D 165.1   
Run 2-1 A 405 360 
End B 238   
  C 232   
  D 130   
Run 3 A 333.2 70 
  B 201.9   
  C 98.2   
  D 160   
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Figure 3.2 Mechanical Aeration Trial 1-1 Power Curves,  
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Figure 3.3 Mechanical Aeration Trial 1-1 Polarization Curve 
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Figure 3.4 Mechanical Aeration Trial 1-2 Power Curves 
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Figure 3.5 Mechanical Aeration Trial 1-2 Polarization Curve 
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Figure 3.6 Photosynthetic Aeration Trial 2-1 Power Curves 
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Figure 3.7 Photosynthetic Aeration Trial 2-1 Polarization Curve 
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Figure 3.8 Photosynthetic Aeration Trial 2-1 Power Curves, End of Run 
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Figure 3.9 Photosynthetic Aeration Trial 2-1 Polarization Curve, End of Run 
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Figure 3.10 Photosynthetic Aeration Trial 3-1 Power Curves  
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Figure 3.11 Photosynthetic Aeration Trial 3-1 Polarization Curve 
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MFC Performance 
 
Table 3.8 and shows peak power densities achieved for each trial along with the 
maximum current obtained.  Trials 1-1 and 2-1, those inoculated, show a 
characteristically long lag time before steady state power production with shortened lag 
times for later runs, those with established growth (Figure 3.12 -3.18).  Recorded 
voltages during the photosynthetically aerated trials experienced variance and drift 
resulting from daily mixing of the cathode electrode to re-suspend algae. 
 
Peak power density achieved by mechanically aerated trials was 78.3mW/m
3
 (0.482 
volts, 989 ohms, 747.3 mg/L initial soluble COD) and the peak power density achieved 
by photosynthetically aerated trials was 108.0 W/m
3 
(0.129 volts, 220 ohms, 925.8 mg /L 
initial soluble COD).  Photosynthetic aeration treatments experienced higher peak power 
densities on average than mechanically aerated trials, but were not significantly different 
(P-value = 0.734).      
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Table 3.8 Summary of Performances for Experimental Trials 
 
  Reactor 
Peak 
Power 
Average 
Peak 
Max 
Current 
    mW/m
3
 mW/m
3
 mA 
Run 1-1 A 42.24 60.18 0.36 
  B 59.01  0.42 
  C 61.16  0.43 
  D 78.3   0.49 
Run 1-2 A 52.59 63.26 0.4 
  B 74.78  0.57 
  C 60.59  0.5 
  D 65.09   0.53 
Run 1-3 A 56.93 64.99 0.42 
  B 72.13  0.41 
  C 63.29  0.52 
  D 67.6   0.54 
Run 2-1 A 84.55 75.91 0.73 
  B 83.79  1.19 
  C 59.4  1.03 
  D ---   3.37 
Run 2-2 A 73.69 77.27 0.75 
  B 24.99  0.58 
  C 108.01  1.21 
  D 102.4   1.6 
Run 2-3 A 91.16 73.60 0.8 
  B 72.01  0.99 
  C 66.18  0.95 
  D 65.03   1.28 
Run 3-1 A 60.37 95.97 0.77 
  B 117.14  1.26 
  C 83.28  1.57 
  D 123.07   1.58 
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Figure 3.12 Trial 1-1 Power Densities 
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Figure 3.13 Trial 1-2 Power Densities 
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Figure 3.14 Trial 1-3 Power Densities 
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Figure 3.15 Trial 2-1 Power Densities  
(Replicate D removed because of connection errors) 
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Figure 3.16 Trial 2-2 Power Densities 
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Figure 3.17 Trial 2-3 Power Densities 
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Figure 3.18 Trial 3 Power Densities 
 
7
6
 
              
77 
Removal of Soluble COD 
 
For mechanically aerated and algal aeration treatments a 79% and 88% average removal 
of soluble COD was achieved respectively.  Soluble COD was decreased in all trials and 
soluble COD removal was above 80% in 19 out of 24 trials (8 mechanically aerated and 
11 photosynthetically aerated).   
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Table 3.4 Summary of Soluble Substrate Removal 
  Reactor 
Initial S-
COD 
Final S-
COD 
% 
Decrease 
Mean % 
Decrease 
    mg/L mg/L 
Soluble 
COD Soluble COD 
Run 1-1 A 747.27 129.84 83% 84% 
  B 747.27 143.27 81%   
  C 747.27 53.73 93%   
  D 747.27 147.64 80%   
Run 1-2 A 949.14 48.47 95% 84% 
  B 949.14 145.41 85%   
  C 949.14 130.87 86%   
  D 949.14 276.29 71%   
Run 1-3 A 799.78 145.59 82% 66% 
  B 799.78 299.74 62%   
  C 799.78 282.61 64%   
  D 799.78 342.56 57%   
Run 2-1 A 1062.09 110.07 90% 87% 
  B 1085.69 42.06 96%   
  C 1024.33 169.14 83%   
  D 1076.25 217.46 80%   
Run 2-2 A 921.43 26.06 97% 92% 
  B 908.39 99.68 89%   
  C 925.78 83.76 91%   
  D 1017.05 92.14 91%   
Run 2-3 A 881.47 26.9 97% 85% 
  B 856.77 156.92 82%   
  C 874.74 129.65 85%   
  D 901.66 218.75 76%   
Run 3 A 247.15 11.96 95% 92% 
  B 285.12 17.94 94%   
  C 224.54 18.79 92%   
  D 218.89 26.48 88%   
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Coulombic Efficiency 
 
Coulombic efficiencies for all trial runs were significantly less than those reported 
previously (Liu and Logan 2004, Liu and Logan 2005, Min and Logan 2004, Cheng  et 
al. 2006, Kim et al. 2007, Zuo et a  .2007) .  Low CE, were accompanied by substantial 
removals of soluble COD (Table 3.9), signifying that oxidation of substrate was 
occurring by means other than exogenous electron donation such as oxygen present in the 
anode, either residual or from leaking, or from anaerobic fermentation.  Trial 3, at lower 
initial soluble substrate levels, produced higher CE.   
 
Photosynthetically aerated treatments showed higher CE after acclimation of electrodes, 
but below a 10% level of significance were not significantly different (P-value = 0.086). 
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Table 3.9 Summary of Coulombic Efficiencies 
  Reactor CE 
Decrease 
Soluble COD 
Peak 
Power 
    % % mW/m
3
 
Run 1-1 A 2.00 82.62 42.24 
  B 2.50 80.83 59.01 
  C 2.20 92.81 61.16 
  D 2.10 80.24 78.3 
Run 1-2 A 1.30 94.89 52.59 
  B 1.10 84.68 74.78 
  C 0.90 86.21 60.59 
  D 1.10 70.89 65.09 
Run 1-3 A 1.10 81.69 56.93 
  B 1.70 62.29 72.13 
  C 1.50 64.45 63.29 
  D 1.80 56.91 67.6 
Run 2-1 A 1.60 89.64 84.55 
  B 2.20 96.13 83.79 
  C 1.60 83.49 59.4 
  D --- --- --- 
Run 2-2 A 1.30 97.10 73.69 
  B 0.50 88.18 24.99 
  C 2.20 90.12 108.01 
  D 2.50 88.90 102.4 
Run 2-3 A 1.50 96.46 91.16 
  B 3.40 78.80 72.01 
  C 2.90 83.58 66.18 
  D 4.00 72.13 65.03 
Run 3 A 4.10 95.16 60.37 
  B 8.60 93.71 117.14 
  C 10.00 91.63 83.28 
  D 14.80 87.90 123.07 
 
To test the adequacy of the 15 minute sparging with nitrogen gas used for these trials, 
0.1% resazurin was added to water in the anode.  The lack of color removal with sparging 
indicated complete oxygen removal was not achieved.   MFC structural integrity was also 
tested with resazurin and water and determined to be adequately impermeable to outside 
atmospheric oxygen. Longer and better sparging techniques would have allowed for 
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greater oxygen removal; however gained advantages of higher CE by additional sparging 
would become outweighed by the energy costs of sparging and the affects to treatment of 
soluble COD.   
 
Observed Biomass Yield Approximation 
 
Trials 1-1, 1-2 and 1-3 showed average YX/S values of 0.146, 0.154 and 0.322 mg Xb/mg 
COD respectively.  Trials 2-1, 2-2 and 2-3 showed average YX/S values of 0.055, 0.232 
and 0.352 mg Xb/mg COD respectively.  Trial 3 showed an average YX/S of 0.444 mg 
Xb/mg COD. 
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Table 3.5 Summary of Observed Biomass Yield Approximations 
 
  Reactor 
Initial P-
COD 
Final P-
COD 
Δ P-
COD YX/S Mean YX/S 
    mg/L mg/L mg/L mgXb/mgCOD mgXb/mgCOD 
Run 1-1 A 98.8 223.9 125.1 0.203 0.146 
  B 98.8 156.7 57.9 0.096   
  C 98.8 286.5 187.8 0.271   
  D 98.8 107.6 8.8 0.015   
Run 1-2 A 49.2 208.4 159.2 0.177 0.154 
  B 49.2 189 139.8 0.174   
  C 49.2 184.2 134.9 0.165   
  D 49.2 116.3 67.1 0.1   
Run 1-3 A 4.9 291.2 286.3 0.441 0.322 
  B 4.9 171.3 166.4 0.336   
  C 4.9 111.3 106.5 0.208   
  D 4.9 141.3 136.4 0.302   
Run 2-1 A 169.9 293.5 123.6 0.13 0.056 
  B 160.5 121.7 -38.8 -0.037   
  C 85 221 136.1 0.159   
  D 70.8 44.7 -26.1 -0.03   
Run 2-2 A 21.7 199.2 177.4 0.203 0.232 
  B 65.2 441.1 375.9 0.506   
  C 78.2 183.3 105.1 0.138   
  D 186.9 247.6 60.7 0.082   
Run 2-3 A 121.1 338.2 217.1 0.296 0.352 
  B 116.6 461.9 345.3 0.592   
  C 85.2 162.8 77.5 0.117   
  D 116.6 343.7 227.1 0.401   
Run 3-1 A 72.01 154.62 82.61 0.351 0.444 
  B 77.54 192.2 114.66 0.429   
  C 132.46 172.56 40.1 0.194   
  D 5.65 159.75 154.1 0.8   
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Oxidation Reduction Potential of the Anode 
 
ORP and power production showed no clear relationship (Figures 3.19 - 3.25).  Several 
experiments showed the expected relationship that ORP would increase with a decrease 
in power production.   
 
The initial drops in ORP that were seen within the first 20 hours of operation most likely 
occurred from the consumption of residual oxygen by bacterial growth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
84 
Table 3.10 Summary of ORP, Biomass, Peak Power, CE and visual observations  
  Reactor 
Steady State 
ORP 
Biomass 
 
Peak 
Power 
CE 
 
Observations 
 
    mV mg/L mW/m
3
 %   
Run  
1-1 A -352.7 223.85 42.24 2.0% 
No observable 
contamination  
  B -203.7 156.69 59.01 2.5% 
No observable 
contamination 
  C 183.4 286.53 61.16 2.2% 
No observable 
contamination 
  D -388.0 107.55 78.30 2.1% 
No observable 
contamination 
Run  
1-2 A -352.7 208.43 52.59 1.3% 
No observable 
contamination 
  B -332.8 189.04 74.78 1.1% 
No observable 
contamination 
  C -324.2 184.19 60.59 0.9% 
No observable 
contamination 
  D -358.7 116.31 65.09 1.1% 
No observable 
contamination 
Run  
1-3 A -351.8 291.17 56.93 1.1% 
No observable 
contamination 
  B -224.6 171.27 72.13 1.7% 
No observable 
contamination 
  C -335.3 111.33 63.29 1.5% 
No observable 
contamination 
  D -329.8 141.3 67.60 1.8% 
No observable 
contamination 
Run  
2-1 A 146.0 293.54 84.55 1.6% Algal contamination  
  B 123.5 121.71 83.79 2.2% Algal contamination  
  C -324.7 221.04 59.40 1.6% Yeast contamination  
Run  
2-2 A -305.1 199.16 73.69 1.3% Yeast contamination 
  
B 
 
67.1 
 
441.03 
 
24.99 
 
0.5% 
 
Algal contamination 
Later covered  
  C -327.8 183.34 108.01 2.2% Yeast contamination  
  D -334.7 247.55 102.40 2.5% Yeast contamination  
Run  
2-3 A 149.2 338.24 91.16 1.5% Yeast contamination 
  B 
-334.3 
 
461.89 
 
72.01 
 
3.4% 
 
Algal contamination 
Later covered 
  C -302.6 162.75 66.18 2.9% Yeast contamination  
  D -297.1 343.69 65.03 4.0% Yeast contamination  
Run 3 A 70.8 154.62 60.37 4.1% Algal contamination  
  B -136.9 192.20 117.14 8.6% Yeast contamination  
  C -268.2 172.56 83.28 10.0% Yeast contamination  
  D -153.0 159.75 123.07 14.8% Yeast contamination  
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Figure 3.19 Trial 1-1 ORP and Power Densities 
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Figure 3.20 Trial 1-2 ORP and Power Densities 
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Figure 3.21 Trial 1-3 ORP and Power Densities 
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Figure 3.22 Trial 2-1 ORP and Power Densities 
MFC C and D removed because of connection errors 
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Figure 3.23 Trial 2-2 ORP and Power Densities 
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Figure 3.24 Trial 2-3 ORP and Power Densities 
MFC C removed because of connection errors 
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Figure 3.25 Trial 3 ORP and Power Densities 
MFC C removed because of connection errors 
 
Algal Total Suspended Solids and pH of Cathode 
 
Optical density was used to quantify algal cell concentrations.  An optical density (OD) 
versus total suspended solids (TSS) calibration curve was developed.  Biomass weights 
were determined using Method 2540 D, Total Suspended Solids; Standard Methods 
(APHA, 1995) with modification of 0.2 m filter algal culture.   
 
Optical density was recorded daily for trials 2-1, 2-2, 2-3 and 3-1.  The presence of 
filamentous algae led to problems in reading optical density as cells tended to grow 
attached to the cathode chamber walls and within the electrode.   
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A gradual increase in pH was seen in all photosynthetically aerated trials as time 
progressed signifying the growth of algae (Figures 3.26 – 3.29).  Such an increase in pH 
would result in a greater pH gradient across the membrane and also allow for buffering 
capacity with the cathode as protons enter from the anode. 
 
Table 3.11 Summary of final cathode algal TSS and pH 
  Reactor TSS Final Final pH  
    (mg/L) Cathode 
Run 2A A 293.5 10.56 
  B 121.7 10.69 
  C 221.0 9.75 
Run 2B A 199.2 10.43 
  B 441.1 10.93 
  C 183.3 10.10 
  D 247.6 10.83 
Run 2C A 338.2 10.81 
  B 461.9 11.05 
  C 162.8 10.53 
  D 343.7 10.66 
Run 3 A 166.58 10.12 
  B 210.14 11.40 
  C 191.35 9.53 
  D 186.23 10.50 
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Figure 3.26 Trial 2-1 pH and Algal Cell Concentration (mg/L) 
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Figure 3.27 Trial 2-2 pH and Algal Cell Concentration (mg/L) 
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Figure 3.28 Trial 2-3 pH and Algal Cell Concentration (mg/L) 
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Figure 3.29 Trial 3 pH and Algal Cell Concentration (mg/L) 
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Contamination of Anode 
 
During the photosynthetically aerated trials contamination of the anode by yeast and 
algae was observed.  Yeast was most likely introduced to the system during the 
acclimation of the digester sludge to fermented peach media prior to Trial 2-1.  
Acclimation was not done under completely sterile conditions.  Electrical production was 
still seen in reactors C and D, which were contaminated by yeast but output may have 
been affected.   
 
Contamination of reactor B’s anode by algae occurred towards the end of trial 2-2.  The 
presence of algae in the anode was inhibitory to performance as oxygen was 
photosynthetically introduced, driving up the ORP, lowering and eventually reversing the 
electron flow of the MFC.  Reactor B’s anode was then covered during trial 2-3 to block 
the introduction of light and deter oxygen production through photosynthesis.  
 
Power Production of MFC 
 
For each trial the total milliwatt-hours (mWh) produced was calculated by taking the 
average mW produced over each hour interval and then summing for the total trial.  
These values were then converted to mWh per mg of COD to determine the total energy 
production (kWh) possible from utilization of all fermented waste from the 20 million 
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pounds of cull peaches, with a similar performing MFC.  These calculated values are 
summarized in the table below with A, B, C and D being the replicate MFCs. 
   
 
Table 3.12 Summary of power achievable 
    CE  Run Time     
  Reactor %  hrs mWh obtained mWh/mgCOD 
Run 1-1 A 2.0% 550 15.08 0.3 
  B 2.5%  27.03 0.5 
  C 2.2%  61.26 1.2 
  D 2.1%   57.73 1.2 
Run 1-2 A 1.3% 220 26.31 0.7 
  B 1.1%  34.25 1.1 
  C 0.9%  25.76 1.0 
  D 1.1%   32.46 1.1 
Run 1-3 A 1.1% 280 30.58 1.2 
  B 1.7%  19.28 0.5 
  C 1.5%  30.89 0.8 
  D 1.8%   39.32 0.9 
Run 2-1 A 1.6% 440 46.11 0.9 
  B 2.2%  35.24 0.5 
  C 1.6%   30.89 0.6 
Run 2-2 A 1.3% 215 5.52 0.2 
  B 0.5%  2.89 0.2 
  C 2.2%  48.51 0.8 
  D 2.5%   27.83 0.4 
Run 2-3 A 1.5% 330 23.85 0.6 
  B 3.4%  42.73 0.5 
  C 2.9%  35.75 0.5 
  D 4.0%  38.74 0.4 
Run 3 A 4.1% 350 8.46 0.3 
  B 8.6%  47.02 0.6 
  C 10.0%  24.29 0.4 
  D 14.8%   55.95 0.6 
 
9
4
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Such low power values make the construction and use of an MFC appear to be an 
unviable option.  But such power productions may offset some of the power required to 
operate the large scale production of hydrogen (heating and mixing of media) lowering 
operational costs while also treating the effluent waste stream for proper disposal.  With 
increases in performance, especially CE, such operations might become feasible. 
 
Peak power density achieved by mechanically aerated trials, 78.3mW/m
3
 (0.482 volts, 
989 ohms), did not differ significantly from value of 108.0 W/m
3 
(0.129 volts, 220 ohms) 
achieved for photosynthetically-aerated trials (α = 0.05). Soluble COD was decreased in 
all trials and soluble COD removal was above 80% in 19 out of 24 trials (8 mechanically 
aerated and 11 photosynthetically aerated).  Coulombic efficiency was 2.1% (at 747.3 
mg/L initial soluble COD with 80% soluble COD removal) for mechanically-aerated 
trials and 2.2% (at 925.8 mg /L initial soluble COD with 90% removal of COD) for 
photosynthetically-aerated, a difference that was significant at α = 0.10 level.   
 
At an initial soluble COD of 218.9 mg/L a photosynthetically aerated cathode MFC 
obtained 123 mW/m
3
 (0.234 volts at 150 ohms, 14% CE, and 88% soluble COD 
removal).  
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CONCLUSIONS 
 
Microbial fuel cell designs including non-catalyzed electrodes, crushed graphite and 
cation ion exchange membranes are capable of producing electrical currents from 
byproducts of biologically produced hydrogen via naturally occurring wild type bacteria.   
 
Peak power densities produced by photosynthetically aerated trials were not significantly 
different than those obtained by mechanical aeration (α = 0.10, P-value = 0.734) which 
may suggest that photosynthetically aeration could replace mechanical aeration in 
aqueous cathode systems. 
 
Also of note photosynthetically aerated treatments showed higher CE than mechanically 
aerated treatments, after acclimation of electrodes (α = 0.10, P-value = 0.086). 
 
Although total power produced by the systems was minimal compared to the total US 
consumption results show that numerous energy sources are overlooked, many of which 
are discarded waste streams, for the more established fossil fuel sources.  But as those 
fossil fuel sources deplete and demand for energy increases globally utilization of the 
once overlooked energy sources will become of greater importance.   
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CHAPTER IV 
CONCLUSIONS AND RECOMMENDATIONS 
 
CONCLUSIONS 
 
The ultimate goal of this study was to determine the effectiveness of aerating an aqueous 
cathode through photosynthetic means in a MFC treating fermentation waste.  This was 
accomplished by fabricating an aqueous cathode MFC for treating fermentation waste 
and operating under mechanical aeration and then photosynthetic aeration.   
 
Photosynthetic aeration was achieved with the use of a mixed wild type culture of algae.  
Media for the MFC was waste from the fermentation of cull peaches by Thermotoga 
neapolitana for the production of hydrogen gas.  Bacterial cultures for inoculation of 
MFCs were obtained from anaerobic digesters. 
       
Peak power densities produced by photosynthetically aerated trials were not significantly 
different than those obtained by mechanical aeration (α = 0.10, P-value = 0.734) which 
may suggest that photosynthetically aeration may be able to replace mechanical aeration 
in aqueous cathode systems. 
 
Also of note photosynthetically aerated treatments showed higher CE than mechanically 
aerated treatments, after acclimation of electrodes (α = 0.10, P-value = 0.086). 
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RECOMMENDATIONS  
 
Algae have shown the ability to replace mechanical systems as a means of aerating MFCs 
treating fermentation waste streams.  Elimination of mechanical aerating systems will 
lower the operating costs of operating a MFC in large scale operations.  Harvesting algae 
from MFC cathodes for lipid or protein extraction would also provide a means for 
increasing profit.  Analysis of algal lipid contents needs be explored and along with the 
use of pure strains for more specific production.   
 
Photosynthetic hydrogen production by algae in a MFC cathode could add to additional 
energy gains from the system.  Further investigation into coupled MFC algal producing 
hydrogen systems is needed.  This could be accomplished by measuring headspace gas 
composition and dissolved oxygen within the cathode over time. 
 
To better understand governing operational characteristics of a MFC a kinetic model 
should be developed.  A model study to elucidate bacterial growth rate as it relates to 
electrical current production within an MFC could highlight possible ways to improve a 
MFC design or operation for optimal power production.  One such study would not only 
include bacterial growth rates and electrical production but also electrode size and 
makeup, cathode aeration means (biological versus mechanical) and mass transport 
across the membrane material (protons, cations, cells and oxygen).  The production of 
fermentative byproducts within the cathode solution and headspace would also be 
 101 
necessary to fully understand the biological reactions occurring with a MFC.   Further 
correlation of oxygen reduction potential with performance may also prove useful.       
 
Continuous operation of a MFC in line with hydrogen production may also yield useful 
data not present in batch operations.  Higher CE could be possible during continuous 
inline operation of hydrogen production waste streams.  During thermophilic 
fermentation, media is devoid of oxygen.  For batch operations, waste media is first 
frozen for storage then thawed and diluted before being sparged for MFC treatment.  
Freezing, thawing and diluting allows for oxygen to enter media raising energy costs in 
sparging.   
 
Further investigation of under utilized wastes for energy production will play a key role 
in meeting the rising demands of US energy consumption.  Multiple alternative energy 
avenues; wind, solar, and biofuels, need to be explored and combined to produce a 
sustainable energy environment.  Most importantly food sources must not be limited by 
the need for biofuels; agricultural and municipal wastes must be utilized to fill the energy 
gap.  
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APPENDIX A 
Pictures of MFC 
 
 
 
 
 
Figure A.1 Acrylic sidewalls of MFC 
 
 
 
Figure A.2 Acrylic end caps 
(showing ¼” grouts) 
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Figure A.3 Granular activated carbon used in electrodes 
 
 
 
Figure A.4 Electrode filled with carbon 
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Figure A.5 Graphite Rod for electrode 
 
 
Figure A.6 Multimeter used for voltage recording 
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APPENDIX B 
SAS Analysis of Data 
 
 
 
Two-Way Factorial for Peak Power Densities 
title1 Derek Little; 
title2 Two-Way Factorial for MFC; 
 
 
data MFC; 
input AER$ CULT$ PEAK; 
datalines; 
MECH X1 42.24 
MECH X1 59.01 
MECH X1 61.16 
MECH X1 78.30 
MECH X2 52.59 
MECH X2 74.78 
MECH X2 60.59 
MECH X2 65.09 
MECH X3 56.93 
MECH X3 72.13 
MECH X3 63.29 
MECH X3 67.60 
ALGAL X1 84.55 
ALGAL X1 83.79 
ALGAL X1 59.40 
ALGAL X2 73.69 
ALGAL X2 24.99 
ALGAL X2 108.01 
ALGAL X2 102.40 
ALGAL X3 91.16 
ALGAL X3 72.01 
ALGAL X3 66.18 
ALGAL X3 65.03 
 
 
; 
 
PROC SORT; 
 BY AER CULT; 
PROC MEANS DATA=MFC; 
 BY AER CULT; 
 OUTPUT OUT=FACTMEAN MEAN=PEAKMEAN; 
 PROC PRINT DATA=FACTMEAN; 
 
RUN; 
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PROC PLOT DATA=FACTMEAN; 
 PLOT PEAKMEAN*CULT=AER; 
AXIS1 VALUE=(FONT=SWISS2 H=2) LABEL=(f=swiss h=2 'Mean Peak Power 
Density'); 
axis2 value=(FONT=SWISS2 H=2) LABEL=(f=swiss h=2 'Culture'); 
legend1 value=(FONT=SWISS2 H=2) LABEL=(f=swiss h=2 'Aeration'); 
symbol1 color=black interpol=join 
 line=1 value='A' font=swiss; 
symbol2 color=black interpol=join 
 line=2 value='M' font= swiss; 
 
proc gplot data=factmean; 
 plot peakmean*CULT=AER/CAXIS=BLACK CTEXT=BLACK 
  VAXIS=AXIS1 HAXIS=axis2 legend=legend1; 
 
proc glm data=MFC; 
 class AER CULT; 
 MODEL PEAK=AER CULT AER*CULT; 
 
 
RUN; 
QUIT; 
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Two- Way Fact or i al  f or  MFC
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                                   Two-Way Factorial for MFC 
 
-------------------------------------- AER=ALGAL CULT=X1 --------------------------------------- 
 
                                      The MEANS Procedure 
 
                                    Analysis Variable : PEAK 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                3      75.9133333      14.3060139      59.4000000      84.5500000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
-------------------------------------- AER=ALGAL CULT=X2 --------------------------------------- 
 
                                    Analysis Variable : PEAK 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4      77.2725000      37.9582195      24.9900000     108.0100000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
-------------------------------------- AER=ALGAL CULT=X3 --------------------------------------- 
 
                                    Analysis Variable : PEAK 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4      73.5950000      12.1021059      65.0300000      91.1600000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
--------------------------------------- AER=MECH CULT=X1 --------------------------------------- 
 
                                    Analysis Variable : PEAK 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4      60.1775000      14.7479634      42.2400000      78.3000000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
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                                   Two-Way Factorial for MFC 
 
--------------------------------------- AER=MECH CULT=X2 --------------------------------------- 
 
                                      The MEANS Procedure 
 
                                    Analysis Variable : PEAK 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4      63.2625000       9.2562965      52.5900000      74.7800000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
--------------------------------------- AER=MECH CULT=X3 --------------------------------------- 
 
                                    Analysis Variable : PEAK 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4      64.9875000       6.4716117      56.9300000      72.1300000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
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                                   Two-Way Factorial for MFC 
 
                      Obs     AER     CULT    _TYPE_    _FREQ_    PEAKMEAN 
 
                       1     ALGAL     X1        0         3       75.9133 
                       2     ALGAL     X2        0         4       77.2725 
                       3     ALGAL     X3        0         4       73.5950 
                       4     MECH      X1        0         4       60.1775 
                       5     MECH      X2        0         4       63.2625 
                       6     MECH      X3        0         4       64.9875 
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                                   Two-Way Factorial for MFC 
 
                        Plot of PEAKMEAN*CULT.  Symbol is value of AER. 
 
               PEAKMEAN ‚ 
                   77.5 ˆ 
                        ‚                           A 
                        ‚ 
                        ‚ 
                        ‚  A 
                        ‚ 
                   75.0 ˆ 
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                        ‚ 
                        ‚ 
                        ‚                                                    A 
                        ‚ 
                        ‚ 
                   72.5 ˆ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                   70.0 ˆ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                   67.5 ˆ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                   65.0 ˆ                                                    M 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚                           M 
                        ‚ 
                   62.5 ˆ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                        ‚ 
                   60.0 ˆ  M 
                        Šƒƒˆƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒˆƒƒ 
                          X1                       X2                       X3 
 
                                                  CULT 
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                                   Two-Way Factorial for MFC 
 
                                       The GLM Procedure 
 
                                    Class Level Information 
 
                              Class         Levels    Values 
 
                              AER                2    ALGAL MECH 
 
                              CULT               3    X1 X2 X3 
 
 
                            Number of Observations Read          23 
                            Number of Observations Used          23 
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                                   Two-Way Factorial for MFC 
 
                                       The GLM Procedure 
 
Dependent Variable: PEAK 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                        5     1008.809829      201.761966       0.55    0.7344 
 
      Error                       17     6206.375867      365.080933 
 
      Corrected Total             22     7215.185696 
 
 
                       R-Square     Coeff Var      Root MSE     PEAK Mean 
 
                       0.139818      27.72778      19.10709      68.90957 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      AER                          1     933.7547313     933.7547313       2.56    0.1282 
      CULT                         2      22.3492113      11.1746056       0.03    0.9699 
      AER*CULT                     2      52.7058865      26.3529432       0.07    0.9306 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
      AER                          1     929.0388491     929.0388491       2.54    0.1291 
      CULT                         2      18.2439915       9.1219957       0.02    0.9754 
      AER*CULT                     2      52.7058865      26.3529432       0.07    0.9306 
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Two-Way Factorial for Peak CE 
 
title1 Derek Little; 
title2 Two-Way Factorial for MFC CE; 
 
 
data MFCCE; 
input AER$ CULT$ CE; 
datalines; 
MECH X1 1.97 
MECH X1 2.53 
MECH X1 2.24 
MECH X1 2.09 
MECH X2 1.29 
MECH X2 1.1 
MECH X2 0.9 
MECH X2 1.08 
MECH X3 1.09 
MECH X3 1.75 
MECH X3 1.54 
MECH X3 1.76 
ALGAL X1 1.6 
ALGAL X1 2.19 
ALGAL X1 1.61 
ALGAL X2 1.26 
ALGAL X2 0.49 
ALGAL X2 2.24 
ALGAL X2 2.47 
ALGAL X3 1.52 
ALGAL X3 3.35 
ALGAL X3 2.88 
ALGAL X3 4.02 
 
 
 
 
; 
 
PROC SORT; 
 BY AER CULT; 
PROC MEANS DATA=MFCCE; 
 BY AER CULT; 
 OUTPUT OUT=FACTMEAN MEAN=CEMEAN; 
 PROC PRINT DATA=FACTMEAN; 
 
RUN; 
 
PROC PLOT DATA=FACTMEAN; 
 PLOT CEMEAN*CULT=AER; 
AXIS1 VALUE=(FONT=SWISS2 H=2) LABEL=(f=swiss h=2 'Mean CE'); 
axis2 value=(FONT=SWISS2 H=2) LABEL=(f=swiss h=2 'Culture'); 
legend1 value=(FONT=SWISS2 H=2) LABEL=(f=swiss h=2 'Aeration'); 
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symbol1 color=black interpol=join 
 line=1 value='A' font=swiss; 
symbol2 color=black interpol=join 
 line=2 value='M' font= swiss; 
 
proc gplot data=factmean; 
 plot CEmean*CULT=AER/CAXIS=BLACK CTEXT=BLACK 
  VAXIS=AXIS1 HAXIS=axis2 legend=legend1; 
 
proc glm data=MFCCE; 
 class AER CULT; 
 MODEL CE=AER CULT AER*CULT; 
 
 
RUN; 
QUIT; 
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                              Derek Little           11:31 Monday, June 23, 2008   1 
                                  Two-Way Factorial for MFC CE 
 
-------------------------------------- AER=ALGAL CULT=X1 --------------------------------------- 
 
                                      The MEANS Procedure 
 
                                     Analysis Variable : CE 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                3       1.8000000       0.3377869       1.6000000       2.1900000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
-------------------------------------- AER=ALGAL CULT=X2 --------------------------------------- 
 
                                     Analysis Variable : CE 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4       1.6150000       0.9152959       0.4900000       2.4700000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
-------------------------------------- AER=ALGAL CULT=X3 --------------------------------------- 
 
                                     Analysis Variable : CE 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4       2.9425000       1.0574301       1.5200000       4.0200000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
--------------------------------------- AER=MECH CULT=X1 --------------------------------------- 
 
                                     Analysis Variable : CE 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4       2.2075000       0.2417126       1.9700000       2.5300000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
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                                          Derek Little           11:31 Monday, June 23, 2008   2 
                                  Two-Way Factorial for MFC CE 
 
--------------------------------------- AER=MECH CULT=X2 --------------------------------------- 
 
                                      The MEANS Procedure 
 
                                     Analysis Variable : CE 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4       1.0925000       0.1594522       0.9000000       1.2900000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
 
 
--------------------------------------- AER=MECH CULT=X3 --------------------------------------- 
 
                                     Analysis Variable : CE 
 
                N            Mean         Std Dev         Minimum         Maximum 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
                4       1.5350000       0.3135283       1.0900000       1.7600000 
               ƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒ 
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                                          Derek Little           11:31 Monday, June 23, 2008   3 
                                  Two-Way Factorial for MFC CE 
 
                       Obs     AER     CULT    _TYPE_    _FREQ_    CEMEAN 
 
                        1     ALGAL     X1        0         3      1.8000 
                        2     ALGAL     X2        0         4      1.6150 
                        3     ALGAL     X3        0         4      2.9425 
                        4     MECH      X1        0         4      2.2075 
                        5     MECH      X2        0         4      1.0925 
                        6     MECH      X3        0         4      1.5350 
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                                  Two-Way Factorial for MFC CE 
 
                         Plot of CEMEAN*CULT.  Symbol is value of AER. 
 
                CEMEAN ‚ 
                       ‚ 
                  3.00 ˆ 
                       ‚                                                    A 
                       ‚ 
                       ‚ 
                       ‚ 
                  2.75 ˆ 
    
121 
                       ‚ 
                       ‚ 
                       ‚ 
                       ‚ 
                  2.50 ˆ 
                       ‚ 
                       ‚ 
                       ‚ 
                       ‚ 
                  2.25 ˆ 
                       ‚  M 
                       ‚ 
                       ‚ 
                       ‚ 
                  2.00 ˆ 
                       ‚ 
                       ‚ 
                       ‚ 
                       ‚  A 
                  1.75 ˆ 
                       ‚ 
                       ‚ 
                       ‚                           A 
                       ‚                                                    M 
                  1.50 ˆ 
                       ‚ 
                       ‚ 
                       ‚ 
                       ‚ 
                  1.25 ˆ 
                       ‚ 
                       ‚ 
                       ‚                           M 
                       ‚ 
                  1.00 ˆ 
                       ‚ 
                       Šƒƒˆƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒˆƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒƒˆƒƒ 
                         X1                       X2                       X3 
 
                                                 CULT 
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                                  Two-Way Factorial for MFC CE 
 
                                       The GLM Procedure 
 
                                    Class Level Information 
 
                              Class         Levels    Values 
 
                              AER                2    ALGAL MECH 
 
                              CULT               3    X1 X2 X3 
 
 
                            Number of Observations Read          23 
                            Number of Observations Used          23 
    
123 
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                                  Two-Way Factorial for MFC CE 
 
                                       The GLM Procedure 
 
Dependent Variable: CE 
 
                                              Sum of 
      Source                      DF         Squares     Mean Square    F Value    Pr > F 
 
      Model                        5      8.19830543      1.63966109       4.20    0.0115 
 
      Error                       17      6.64242500      0.39073088 
 
      Corrected Total             22     14.84073043 
 
 
                       R-Square     Coeff Var      Root MSE       CE Mean 
 
                       0.552419      33.45811      0.625085      1.868261 
 
 
      Source                      DF       Type I SS     Mean Square    F Value    Pr > F 
 
      AER                          1      1.65200013      1.65200013       4.23    0.0555 
      CULT                         2      3.50257280      1.75128640       4.48    0.0273 
      AER*CULT                     2      3.04373250      1.52186625       3.89    0.0405 
 
 
      Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
 
      AER                          1      1.46400395      1.46400395       3.75    0.0697 
      CULT                         2      3.33957000      1.66978500       4.27    0.0314 
      AER*CULT                     2      3.04373250      1.52186625       3.89    0.0405 
 
